We used an original analysis of reflection interference contrast microscopy (RICM) to detect an ultra-weak specific interaction between a glycolipid vesicle and a lectin-coated substrate. The membrane height fluctuations in the contact zone are observed with high illumination aperture; the membrane profile and the membrane-substrate distance are quantitatively determined by using the new analysis, which accounts for multiple interfaces and multiple incidence rays. We showed that this refined version of RICM theory is necessary, specifically in the case of intermediate membrane-substrate distance (~30 nm) and helped to discriminate between ultra-weak interaction and pure gravitational sedimentation
Introduction
Giant unilamellar lipid vesicles (GUVs) are widely used as biomimetic objects able to isolate and to modulate specific aspects of cell mechanics 1,2,3,4, dynamics 5,6,7,8, or membrane organization 9, 10 . As their membrane can contain several kinds of lipids bearing charges or specific functions, the vesicles can easily interact with a neighbour substrate, and this interaction may alter the vesicle behaviour. It is thus crucial to unambiguously detect and characterize possible membrane-wall interactions. Indeed, GUVs adhesion onto model substrates has been extensively studied 11, 12, 13, 14, 15 , notably because it is a way to gain an insight into the physical basis of cell adhesion 16 . However, the case of very weak interactions is not very documented although in most physical and biophysical studies involving GUVs, the vesicles are located close to a substrate. Moreover, RICM theory and new experimental set ups such as the dual wave length method 17 , while useful to extract . This method allows to accurately reconstruct the vertical profile of the membrane close to the contact zone. We show that this method is necessary to enable the detection of ultra-weak adhesion states and to discriminate these states from that induced by pure gravitational settling. We stress that this method applies to vesicles which are not particularly deflated, for which the membrane thermal fluctuations may be of relatively weak amplitude.
RICM is the technique of reference for the observation of vesicle adhesion 17, 19, 20 . Based on the principle of Newton's rings formation, this method allows the visualization of the vesicle contact zone, and the detection of adhesion patches. Moreover, a simple theory, which relates intensity to height above the substrate, allows a quantitative analysis of the interference pattern and provides both the measurements of height fluctuations of the membrane and the reconstruction of the vertical profile of the membrane at the immediate vicinity of the substrate 15 . The technique has proved to be suitable to characterize membrane spreading times 13, 22 membrane thermal fluctuations 21 , membranesubstrate separation and associated adhesion strength 12, 13, 22 .
However, in the context of the study of very weak adhesion, the theory used routinely for RICM analysis, which assumes two interfaces and normal incidence, is not valid, even when the membranes are roughly flat and parallel to the substrate. On the one hand, as outlined where weakly bound membranes are located.
On the other hand, height fluctuations are most conveniently measured using a high illumination aperture in order to maximize the illumination. The interest is to reduce exposure time and blurring effects occurring with fast moving membrane parts. The consequence is that, even for relatively small membrane height (h~50nm), one observes a fringe contrast damping with the radial distance due to large angle incident rays 23 . The damping has to be accounted for to describe the variation of the fringes light intensity with distance and to obtain an accurate height reconstruction of the vesicle profile over several fringes.
We use in this study a theory of RICM, which accounts for multiple interfaces and 
which can be written as WGA lectin is a dimer has a highly specific interaction with GlcNAc and (GlcNAc) 2 with two sites of recognition on each subunit. The association constant for the binding of the dimer (GlcNAc) 2 to WGA is rather strong 33, 34 , of the order of 10 4 . The affinity of the monomer GlcNAc for the WGA lectin is about 600 times weaker than that of (GlcNAc) 2 , and is in the range of weak ligand-receptor interaction.
The adhesion strength of glyco-vesicles onto lectin-substrates strongly depends on the accessibility of the lectins grafted on the substrate to the sugar embedded in the vesicle membranes and is believed to be very small in the system presented here, probably due to geometrical considerations, so that vesiclesubstrate interaction is finally ultra-weak.
Lipids and proteins
The lipid 1,2-Dioleoyl-sn-Glycero-3- 
Vesicles
GUVs were prepared using the standard electroformation method 36 . The lipids were dissolved in chloroform and methanol solutions (9:1 volume ratio) at 2 mg/ml. They were rinsed in methanol, dried, heated at 100° C for 10 minutes, and finally rinsed in carbonate-bicarbonate buffer at pH = 8.0.
Preparation of lectin-PEG hybrid solutions.
We mixed in equal proportion a 2 mg/ml solution (buffered at pH = 8) of lectin or FITClectin (36 KDa) with a 4 mg/ml solution 
Grafted lectins. Recognition by GlcNAc
We estimated the density of grafted lectins by Massachusetts, USA), using self-written routines. 
Results

RICM observation of vesicle adhesion
Membrane fluctuations.
The amplitude of spacing fluctuations (see Table 1 ) were determined from the probability distribution function of the normalized light 
Membrane -substrate distance
The values of the membrane-substrate distance at the centre of the contact area, h c , obtained from the shape reconstructions are reported in Table 1 . It clearly appears that the membrane - The repulsion force writes as:
where A is the contact area, V H is the Helfrich repulsive potential, c is a constant ≈ 0.115., κ is the membrane bending energy (we take κ = 4 10 -20 J) 38 , k is the Boltzmann's constant and T is the temperature. By writing that F g + F rep = 0 and by measuring the contact area A, we estimate the equilibrium mean spacing <h>.
Results are presented in 
Discussion and conclusion
We have worked on DOPC and glyco-vesicles In conclusion, we managed to discriminate weakly interacting glyco-vesicles from vesicles subjected to their weight. Ultra-weak interactions probably occur quite often at the vicinity of a substrate. Since they change the distance to the substrate and the fluctuations of the vesicles, it is important to detect these interactions. The method we proposed may be a way to achieve it. 
